Abstract. Ubiquitin-specific protease 22 (USP22), a newly discovered member of ubiquitin hydrolase family, exhibits a critical function in cell cycle progression and tumorigenesis. The forkhead box M1 (FoxM1) transcription factor plays a crucial role in cell proliferation, differentiation and transformation. However, the expression and functions of USP22 in pancreatic ductal adenocarcinoma (PDA) and whether FoxM1 is involved in USP22-mediated cell cycle regulation have not been studied. We examined the expression of USP22 and FoxM1 in 136 stage II PDA tissues by immunohistochemistry. Clinical significance was analyzed by multivariate Cox regression analysis, KaplanMeier curves and log-rank test. RT-PCR, western blot analysis, luciferase and immunofluorescence assays were used to investigate the molecular function of USP22 and FoxM1 in PDA fresh tissues and cell lines. USP22 and FoxM1 were significantly upregulated in PDA tissues compared with the paired normal carcinoma-adjacent tissues. A statistical correlation was observed between USP22 and FoxM1 expression. The expression of USP/FoxM1 and co-expression of both factors correlated with tumor size, lymph node metastasis and overall survival.
Introduction
In recent years, the mortality rate of pancreatic cancer has leapt to the fifth-highest position among all malignant tumors in developed countries, and the incidence of pancreatic cancer is still rising (1) . Pancreatic ductal adenocarcinoma (PDA) that originates in glandular epithelium accounts for more than 90% of all malignant pancreatic tumors and exhibits a high degree of malignancy with a poor prognosis (2) . To date, reliable biomarkers for the early diagnosis and effective treatment of PDA are lacking. Approximately 60% of PDA patients have advanced-stage disease at the time of diagnosis, and most patients die within a year after diagnosis (2) . Although studies have identified the abnormal expression of certain oncogenes and tumor suppressor genes in PDA, such as the Kirsten rat sarcoma viral oncogene homolog (KRAS), epidermal growth factor receptor (EGFR), tumor protein 53 (TP53), Sma and Mad related family member 4/deleted in pancreatic cancer locus 4 (SMAD4/DPC4) and P16/cyclin-dependent kinase inhibitor 2A (P16/CDKN2A) (3), the mechanisms of PDA genesis and development remain unclear. A more profound understanding of the molecular mechanisms that underlie the biological behaviour of PDA is crucial to improve the prognosis of PDA patients.
As a newly discovered member of the ubiquitin hydrolase family, USP22 possesses deubiquitinating activity (4) . USP22 is a key subunit of the human Spt-Ada-Gcn5-acetyltransferase (hSAGA) transcriptional coactivator complex and can interact within the hSAGA complex to hydrolyses the ubiquitin conju- gated to histones H2A and H2B, thus activating target gene transcription as mediated by alterations in levels of histone ubiquitylation (5) . USP22 plays a key role in cell cycle regulation, embryo development and telomere homeostasis (5) (6) (7) . Normal tissues express low levels of USP22, whereas UPS22 expression is significantly elevated in tumor tissues (4) . Studies have shown that interfering with USP22 expression in tumor cells can arrest cell cycle progression in the G1 phase and inhibit tumor cell proliferation, leading to tumor cell apoptosis (5, (8) (9) (10) . Additionally, USP22 is closely related to metastatic potential, therapy resistance and solid tumor prognosis (11) . Furthermore, USP22 is one of the genes comprising the 11-gene Polycomb/cancer stem cell signature (12) . To date, the mechanism of the abnormal expression and regulation of USP22 remains unclear, and the relationship between UPS22 and pancreatic cancer has not been reported. FoxM1 is a key member of the forkhead box family of transcription factors (13) , which is characterised by a DNA-binding domain with a wing-shaped spiral structure (winged helix domain) (14) . FoxM1 plays a critical role in regulating cell cycle and mitosis, and it is a key regulator of the G1/S and G2/M cell cycle transitions (15) . FoxM1 regulates the expression of cell division cycle 25 homolog A (cdc25A) at the G1/S cell cycle checkpoint and controls the transcription of S-phase kinase-associated protein 2 (skp2) and cyclin-dependent kinase subunit 1 (cks1) (16, 17) . Additionally, FoxM1 regulates the expression of G2/M checkpoint genes such as cdc25B, cyclin B, aurora-B, survivin, polo-like kinase 1 (PLK1) and the centromere proteins A/B/F (CENP A/B/F) (14, 18, 19) . FoxM1 is widely expressed in proliferating cells and is significantly upregulated in a variety of malignant tumors, including gastric cancer, non-small cell lung cancer, brain glioma, prostate cancer, cervical cancer and pancreatic cancer (20) . Recent studies have found that FoxM1 is closely related to the occurrence and development of pancreatic cancer (21) . Interference in FoxM1 expression inhibits the proliferation, invasion and metastasis of pancreatic cancer cells through the downregulation of cyclin B, cyclin D1, cyclin-dependent kinase 2 (Cdk2), matrix metalloproteinase-2 (MMP-2), MMP-9 and vascular endothelial growth factor (VEGF) (22) . Overexpression of FoxM1 activates mesenchymal cell markers and promotes the epithelial-mesenchymal transition (EMT) (23) . Additionally, FoxM1 is associated with poor prognosis and therapy resistance in a variety of solid tumors, including pancreatic cancer (24) (25) (26) .
The classical Wnt/β-catenin signalling pathway is among the most widely studied signal transduction pathways in recent years. Upon abnormal Wnt pathway activation, Wnt ligands bind to cell surface frizzled/low density lipoprotein receptor-related protein (Fz/LRP) receptors, and β-catenin is then released from the degradation complex comprising Axin/denomatous polyposis coli (Axin/APC) and glycogen synthase kinase-3β (GSK-3β), resulting in its cellular accumulation and nuclear translocation. In the nucleus, β-catenin interacts with the T cell factor/lymphoid enhancer factor (TCF/LEF) and regulates the expression of the downstream target genes c-Myc and cyclin D1, thus controlling cell cycle progression (27) . Abnormal activation of the Wnt/β-catenin signalling pathway plays an essential role in PDA tumorigenesis and metastasis (28, 29) . Pasca et al observed varying degrees of Wnt/β-catenin signalling pathway activation in 26 human pancreatic cancer cell lines and 3 different animal models of pancreatic cancer. Blockade of the Wnt/β-catenin signalling pathway inhibits cell proliferation and promotes cell apoptosis (30) . Zhang et al found that FoxM1 promoted the transfer of β-catenin to the nucleus and activated the Wnt pathway in glioma, thereby activating the expression of downstream target genes such as cyclin D1 and c-Myc and participating in tumorigenesis (31) .
Although USP22 has been confirmed to be highly expressed in a variety of tumors and to be related to cell cycle regulation, the mechanism that underlies the role of USP22 has not been clearly reported. As a typical cell proliferation-associated transcription factor, the role of FoxM1 in cell cycle regulation has been acknowledged in recent years. However, whether FoxM1 is involved in USP22-mediated cell cycle regulation, as well as the relationship between USP22 and FoxM1, remains to be elucidated.
In the present study, we performed a systematic immunohistochemical analysis of USP22 and FoxM1 expression in PDA. Associations between USP22/FoxM1 expression, clinicopathological features and clinical outcome were investigated, respectively. As a correlation was found between UPS22 and FoxM1 expression in PDA tissues, the functional studies were carried out in PDA cell lines. We provide the first evidence that USP22 promoted the G1/S phase cell cycle transition and accelerated cell proliferation via upregulated FoxM1 expression. The β-catenin nuclear localization is required for USP22-mediated FoxM1 expression.
Materials and methods
Cell culture. The poorly differentiated human PDA cell line PANC-1 and the highly differentiated human PDA cell line CFPAC-1 were purchased from the cell bank of the Committee on Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) (32) . PANC-1 cells were cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and F12 medium supplemented with 10% fetal bovine serum (FBS; Invitrogen, Tokyo, Japan). CFPAC-1 cells were maintained in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% FBS (Invitrogen). All cells were cultured in cell-culture flasks or Petri dishes in a humidified incubator at 37˚C in an atmosphere of 5% CO 2 .
Patients and tissue specimens. Paraffin-embedded specimens were obtained from 136 patients with stage II PDA who underwent surgical resection from January, 2002 to January, 2013 at the Department of General Surgery at the First Affiliated Hospital of Dalian Medical University. Patients with stage I, III and stage IV disease were excluded from this study because the case number was too small to be representative for these disease stages. One hundred and nine patients (80.1%) underwent pancreaticoduodenectomy, 25 patients (18.4%) underwent distal pancreatectomy, and 2 patients (1.5%) received total pancreatectomy. Information on patient demographics (gender and age) and clinicopathologic features (tumor location, tumor size, resection margin, histological differentiation, lymph node metastasis and TNM stage) were obtained from clinical and pathological records (Table I) . Histological PDA grading was based upon the World Health Organization grading system. Immunohistochemistry. USP22 and FoxM1 expression in the paraffin-embedded specimens was examined according to standard immunohistochemical methods (33) . Anti-USP22 (ab4812; 1:200 dilution; Abcam, Cambridge, UK) and antiFoxM1 (SC-502; 1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies were used as the primary antibodies. The percentage of positive cells was determined by counting 500 cells in five random areas per section. Nuclear immunostaining were evaluated using a semiquantitative assessment, which calculated the staining intensity and the percentage of positive cells. IHC staining was scored according to the following criteria: 0, none of the cells stained; 1+, 1-20% of the cells stained; 2+, 20-50% of the cells stained; 3+, 50-100% of the cells stained. Furthermore, the expression levels of USP22 and FoxM1 were divided into the following two groups according to score: negative (0, 1+, 2+) and positive (3+).
Plasmid preparation. The USP22 and β-catenin overexpression plasmids were designed and synthesised by Shanghai GenePharma Co., Ltd (Shanghai, China). Cells were cultured in Petri dishes to 80-90% confluence and then transfected with Lipofectamine 2000 (Invitrogen) in strict accordance with the manufacturer's instructions. After transfection, the cells were cultured for 48 or 72 h before use in subsequent experiments.
siRNA analyses. Small interfering RNA (siRNA) for FoxM1 (5'-GCCGGAACAUGACCAUCAATT-3'), USP22 (5'-GCAG CTCACTATGAAGAAACT-3'), β-catenin (5'-AACAGTCTT ACCTGGACTCTG-3') and a negative control (NC) sequence (5'-GTTCTCCGAACGTGTCACGT-3') were purchased from Genepharma (Shanghai, China). According to the manufacturer's protocol, cells were transfected using Lipofectamine 2000 (Invitrogen). After transfection, the cells were cultured for 48 or 72 h before use in subsequent experiments.
CCK-8 assays.
Cell viability in the treated cells was determined by using Cell Counting Kit-8 (CCK-8) kit (Dojindo Laboratories, Kumamoto, Japan) following the instructions outlined by the manufacturer. Cells were plated at a density of 3-5x10 3 cells/well with 200 µl of medium in 96-well microtiter plates. After treatment, CCK-8 solution (10 µl) was added to each well and the plates were incubated at 37˚C for 90 min.
The absorbance of the cell suspension was measured with a microplate reader at a wavelength of 450 nm.
Flow cytometry analysis. Cells pellets were washed with phosphate buffered saline and fixed/permeabilized with 50% ice-cold ethanol. Pellets were washed and resuspended in 50 µg/ml ribonuclease A and 62.5 µg/ml propidium iodide. Samples were analysed on the Becton-Dickinson FACSCalibur (Becton-Dickinson, Franklin Lakes, NJ, USA). The percentages of cells in various phases of the cell cycle were quantified using the ModFit LT Version 3.0 program (Verity Software House, Topsham, ME, USA). The error bars were derived from the SD of multiple experiments.
RT-PCR.
Total RNA was extracted with the TRIzol reagent according to the manufacturer's protocol and then it was reverse transcribed into cDNA using RNA PCR kit (AMV) version 3.0. cDNA was amplified by PCR using the specific primer for USP22, FoxM1 or β-actin as an internal control. The sequences of the upstream and downstream primers were as follows: USP22 forward, 5'-CATGACCCCTTTCATGGCCT-3' and reverse, 5'-GATGTTCTGGTGACGGGTGT-3'; FoxM1 forward, 5'-GGC TCCCGCAGCATCAAGCA-3' and reverse, 5'-TGTTCCGGC GGAGCTCTGGA-3'; β-actin forward, 5'-ATCTGGCACCAC ACCTTCACAATGAGCTGCG-3' and reverse, 5'-CGTCATAC TCCTGCTTGCTGATCCACATCTGC-3', respectively. PCR analysis was performed under the following conditions: denaturation at 94˚C for 5 min, followed by 30 cycles of denaturation for 40 sec at 94˚C, annealing for 30 sec at 52˚C for USP22, 57˚C for FoxM1, 58˚C for β-actin and extension for 40 sec at 72˚C. The amplified products were analyzed by 1.0% agarose gel electrophoresis, followed by ethidium bromide staining. Band intensities were measured using BioImaging systems (UVP, Labworks™, ver 4.6).
Western blot analysis. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Membranes were blocked in a buffer (TBS: 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) containing 5% bovine serum albumin and 0.1% Tween-20, followed by incubation with the primary antibodys USP22 (ab4812, 1:2,000, Abcam), FoxM1 (SC-502, 1:200, Santa Cruz Biotechnology), cyclin D1 (60186-1-lg, 1:100), p21 (10355-1-AP, 1:100), p27 (10567-1-AP, 1:100), cdk4 (11026-1-AP, 1:500), cdk6 (14052-1-AP, 1:500, all from Proteintech, Chicago, IL, USA), β-catenin (SC-7963, 1:500, Santa Cruz Biotechnology), Axin2 (EPR2005-2, 1:2,000), LEF (EP2030Y, 1:2,000, both from Abcam), c-Myc (10057-1-AP, 1:200) and LMNB1 (12987-1-AP, 1:1,000) or β-actin (20536-1-AP, 1:2,000, all from Proteintech) diluted in the same buffer. The immunoreactive proteins were visualized using the ECL western blot analysis system (Bio-Rad), and densitometric analysis was performed using the Image Pro-Plus software.
β-catenin/TCF transcription reporter assay. Briefly, 1x10 5 cells were seeded per well in a 24-well plate before transient transfection with the construct TOPflash or FOPflash reporter plasmid (Millipore, Billerica, MA, USA). TOPflash comprised three copies of the TCF/LEF sites upstream of a thymidine kinase (TK) promoter and the Firefly luciferase gene. FOPflash comprised three mutated copies of TCF/LEF sites and were used as a control for measuring non-specific activation of the reporter. All transfections were performed using 0.8 µg of TOPflash or FOPflash plasmid and 2 µl lipofectamine 2000. To normalise the transfection efficiency in reporter assays, the cells were cotransfected with 0.02 µg of an internal control reporter plasmid, containing Renilla reniformis luciferase driven by the TK promoter. At 24 h after TOPflash or FOPflash transfection, the luciferase assay was performed with the Dual Luciferase Assay System kit (Promega Corp., Madison, WI, USA). Relative luciferase activity was reported as the fold induction after normalization for transfection efficiency.
Immunofluorescence. Pancreatic cancer cells were seeded onto cover slips, fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton x-100 for 10 min. Slides were blocked with 1% bovine serum albumin and incubated with USP22, FoxM1 or β-catenin antibodies overnight at 4˚C. After washing in PBS, the cells were stained with secondary antibodies and incubated for 1 h at room temperature, followed by nuclear counterstaining with DAPI.
Statistical analysis. Statistical analyses were performed using SPSS software package version 17.0. The Pearson χ 2 test or Fisher's exact test was used to compare qualitative variables. OS was estimated by Kaplan-Meier curves and the curves were compared using the log-rank test. OS was analysed using the Cox proportional hazards model for univariate and multivariate analyses. The hazard ratios (HRs) between prognostic groups and the 95% confidence intervals were analysed. The quantitative data derived from three independent experiments are expressed as means (± SD). Unpaired Student's t-tests were used to analyze between repeated group differences. P<0.05 was considered statistically significant.
Results

USP22 and FoxM1 expression in PDA tissues and the paired normal carcinoma-adjacent tissues.
The expression of USP22 and FoxM1 was analysed by immunohistochemistry in PDA tissues and the paired normal carcinoma-adjacent tissues (n=136). USP22 and FoxM1 staining in PDA tissues appeared as brown particles which were mainly localized within the nuclei and cytoplasm, with minute staining in the cell membrane as well as some scattered infiltrated lymphocytes (Fig. 1B and C) . No or minimal fluorescent staining showed in the normal carcinoma-adjacent tissues (Fig. 1A) . This finding is consistent with those of earlier reports. The incidence of positive expression was 54.4% (74/136) for USP22 and 63.2% (86/136) for FoxM1 in PDA tissues and 8.8% (12/136) for USP22 and 7.4% (10/136) for FoxM1 in the normal tissues. In addition, 53 (39.0%) PDA tissues showed a co-positive expression of USP22/FoxM1. Compared with the normal tissues, PDA tissues expressed significantly high USP22 and FoxM1 (P<0.001, Fig. 1D ). Additionally, a statistical correlation was observed between USP22 and FoxM1 expression (r=0.221, P=0.01).
Correlation between USP22/FoxM1 expression and clinicopathologic features. The co-distribution of PDA with a positive or negative USP22/FoxM1 expression in relation to clinicopathologic features is shown in Table I . USP22 expression was significantly associated with tumor size (0.013) and lymph node metastasis (P=0.028). FoxM1 expression was significantly associated with tumor size (P=0.019) and lymph node metastasis (P=0.018). Furthermore, a co-positive expression of USP22/FoxM1 was significantly associated with lymph node metastasis (P=0.017) and TNM stage (P=0.005).
Correlation between USP22/FoxM1 expression and patient survival. We assessed the prognostic value of USP22 and FoxM1 expression on survival in PDA patients. Kaplan-Meier analysis demonstrated that PDA patients with USP22, FoxM1 and co-expression USP22/FoxM1 had a significantly poorer OS compared to the patients with negative expression (log-rank P=0.007; P=0.027; and P=0.002, respectively, Fig. 2 USP22/FoxM1 expression in fresh-frozen PDA tissues and cell lines. To further confirm the afore-mentioned results, RT-PCR and western blot analyses were performed on 5 pairs of PDA fresh-frozen tumor tissues and the paired normal carcinoma-adjacent tissues. The results showed that both USP22 and FoxM1 expression were significantly higher in PDA tissues than the paired normal carcinoma-adjacent tissues ( Fig. 3A and B) . USP22 and FoxM1 expression were also examined in PDA cell lines PANC-1 and CFPAC-1. The results showed that expression of USP22 and FoxM1 was significantly elevated in the poorly differentiated PANC-1 cell line in comparison with the highly differentiated CFPAC-1 cell line (Fig. 3C and D) .
USP22 regulates the G1/S phase transition and affects the expression of G1 phase-related proteins through FoxM1
in PDA cell lines. To investigate the role of USP22 and its possible underlying mechanism in PDA tumorigenesis, USP22 plasmid or FoxM1-siRNA was transfected in both the poorly differentiated PANC-1 cell line and highly differentiated CFPAC-1 cell line. The CCK-8 proliferation assay showed that USP22 overexpression significantly stimulated the proliferation of both cell lines and the interference of FoxM1 expression produced significant inhibition of the proliferation of both cell lines. However, the depletion of FoxM1 expression, caused by FoxM1-siRNA interference, in the USP22-overexpressing PANC-1 and CFPAC-1 cell lines abolished the USP22 overexpression-stimulated cell proliferation (Fig. 4C and D) . Additionally, flow cytometry revealed that USP22 overexpression increased the G1/S transition rate, resulting in a significant 
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Hazard decrease in the proportion of G1 phase cells and an increase in the proportions of S phase. Upon FoxM1 downregulation by RNAi, USP22 overexpression no longer elicited significant changes in cell cycle progression in either cell line (Fig. 4A) . Further studies showed that USP22 overexpression resulted in decreased p21 and p27 expression in both cell lines, which were accompanied by the increased cyclin D1 levels. Similarly, the expression levels of cdk4 and cdk6 were also increased. FoxM1 depletion abolished the USP22-induced changes in G1 phase-related protein expression in both cell lines (Fig. 4B) . These results suggested that USP22 promoted the G1/S phase transition and affected G1 phase-related protein expression in PDCA cell lines via the upregulation of FoxM1 expression.
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USP22 expression affects FoxM1 expression and Wnt/β-catenin pathway activation.
We used different concentrations of the USP22 plasmids or USP22-siRNA to achieve the different degrees of downregulation of USP22 in the PANC-1 cell line which originally expressed rather high levels of USP22, as well as the different degrees of upregulation of USP22 in the CFPAC-1 cell line which expressed relatively low levels of endogenous USP22. The results of RT-PCR, western blot and immunofluorescence staining analyses confirmed the success of the above-described transfection efforts (Fig. 5) . The immunofluorescence experiments also showed that USP22 expression was mainly nuclear (Fig. 5A and B) . The USP22 downregulation in the PANC-1 cell line resulted in reduction of the expression of 2 Wnt/β-catenin signalling pathway marker proteins, Axin2 and lymphoid enhancer-binding factor-1 (LEF-1), as well as the downstream target protein c-Myc (Fig. 6E) . Using a luciferase reporter plasmid, we also confirmed a decrease in Wnt/β-catenin signalling activity (Fig. 6F) . In the CFPAC-1 cell line, the USP22 upregulation led to increases in the expression of Axin2, LEF-1 and the downstream target protein c-Myc (Fig. 6E) . The luciferase reporter assay also confirmed an increase in Wnt/β-catenin signalling activity (Fig. 6F) .
To prove that USP22 regulates FoxM1 expression via the Wnt/β-catenin signalling pathway, western blot and immunofluorescence analyses were performed. The results showed that the USP22 downregulation in PANC-1 cells led to a reduction in nuclear β-catenin expression, as well as an elevation in cytoplasmic β-catenin expression. Reduction was observed in both nuclear and cytoplasmic FoxM1 expression (Fig. 6A, C, D  and G) . In the CFPAC-1 cell line, the USP22 upregulation led to an increase in nuclear β-catenin expression and a reduction in cytoplasmic β-catenin expression. Concurrently, increases were observed in both nuclear and cytoplasmic FoxM1 expression (Fig. 6B, C, D and H) . These results indicated that in PDA cell lines, USP22 expression significantly altered FoxM1 expression via the Wnt/β-catenin signalling pathway.
β-catenin nuclear localization is required for USP22-mediated FoxM1 expression. The nuclear transfer of β-catenin is believed to be directly responsible for elevated Wnt/β-catenin signalling pathway activity. The β-catenin expression levels in the nucleus directly represent the level of Wnt/β-catenin signalling pathway activity. β-catenin depletion or overexpression has been widely used to trigger corresponding changes in Wnt/β-catenin signalling pathway activity. In additional experiments on the PANC-1 cell line, we found that when β-catenin expression was upregulated with the β-catenin overexpressing plasmid, USP22 knockdown with USP22-siRNA failed to induce significant changes in either nuclear or cytoplasmic FoxM1 expression (Fig. 7A, C and D) . In the CFPAC-1 cell line, when β-catenin expression was disrupted with β-catenin-siRNA, USP22 overexpression failed to trigger significant changes in either nuclear or cytoplasmic FoxM1 expression (Fig. 7B, C and E) . These results strongly suggest that in PDA cell lines, USP22-mediated FoxM1 expression depends on the nuclear localization of β-catenin.
Discussion
In an analysis of mRNA levels in a variety of tumor tissues in 2005, Glinsky et al identified 11 overexpressed genes in tumor tissues that can serve as death-from-cancer signature genes, including USP22, BUB1, HEC1/KNTC2, CCNB1, Ki67,  Gbx2, FGFR2, ANK3, CES, BMI-1 and RNF2 (12) . The study Figure 7 . β-catenin is required for USP22-mediated FoxM1 expression. (A) Triple IF staining for FoxM1 (red), β-catenin (green) and nuclei (DAPI, blue) was performed in PANC-1 cells that were transfected by control-siRNA, USP22-siRNA, USP22-siRNA+vector or USP22-siRNA+β-catenin. (B) Triple IF staining for FoxM1 (red), β-catenin (green) and nuclei (DAPI, blue) was performed in CFPAC-1 cells that were transfected by vector, USP22, USP22+control-siRNA or USP22+β-catenin-siRNA. (C) RT-PCR and western blot analysis of FoxM1 and β-catenin in PANC-1 cells that were transfected by control-siRNA, USP22-siRNA, USP22-siRNA+vector or USP22-siRNA+β-catenin (left panel) and CFPAC-1 cells that were transfected by vector, USP22, USP22+control-siRNA or USP22+β-catenin-siRNA (right panel). (D) Cytoplasmic and nuclear levels of FoxM1 and β-catenin in PANC-1 cells that were transfected by control-siRNA, USP22-siRNA, USP22-siRNA+vector or USP22-siRNA+β-catenin. (E) Cytoplasmic and nuclear levels of FoxM1 and β-catenin in CFPAC-1 cells that were transfected by vector USP22, USP22+control-siRNA or USP22+β-catenin-siRNA.
suggests that USP22 overexpression may be correlated with short-term tumor recurrence, distant metastasis and treatment resistance (11) . A number of studies have confirmed that USP22 overexpression is present in various solid tumors such as papillary thyroid, breast, non-small cell lung, esophageal, gastric and colon cancer, and is closely related to the metastatic potential and prognosis of tumors (33) (34) (35) (36) (37) (38) . However, no study has reported its expression in pancreatic cancer.
USP22, one of the 11 death-from-cancer signature genes, functions as a cell cycle regulator and plays an important role in cell cycle progression (11) . hSAGA is a transcription cofactor complex that recruits the transcriptional complex to the promoter of its target genes to activate gene transcription through specific amino acid covalent modifications of histone tails, such as acetylation, methylation and deubiquitination (39, 40) . USP22, a subunit of hSAGA, can cause deubiquitination of histone H2A and H2B and acetylation of histone H4 (41) . hSAGA is involved in the transcription of Myc target genes. The amino-terminal of c-Myc protein carries two conserved domains, MbI and MbII, which combine with hSAGA to initiate the transcription of c-Myc target genes. Studies have shown that USP22 knockdown using shRNA resulted in a decline in the expression of Myc target genes including CDCA7, cyclin D2, ODC, CAD and MTA1. ChIP assays also confirm that USP22 binds to the promoter regions of Myc target genes and triggers the transcription of these genes. In addition, downregulation of USP22 expression slows the proliferation of Myc-overexpressing cells and arrests the cells in the G1 phase, leading to a lower cloning efficiency (5). These results suggest that USP22 can promote cell proliferation and mediate malignant cell behavior via Myc-regulated target genes. Moreover, USP22 can also modulate the expression of the tumor suppressor gene p21 by altering the ubiquitination level of its upstream element FBP1, thereby affecting cell cycle progression (42) .
A member of the Fox transcription factor family, FoxM1 is specifically expressed in proliferating cells and is absent in terminally differentiated cells. FoxM1 can initiate target gene transcription, mediate the transcription of cell cycle-related genes, and promote cell proliferation by suppressing Cdk inhibitors, such as p21 and p27, and the phosphatase activity of some cyclins (e.g., cyclin A1, cyclin B1 and cyclin D1) and Cdk activators Cdc25a and Cdc25b (17) (18) (19) (43) (44) (45) . First, FoxM1 upregulates the expression of CdK inhibitors p21 and p27 in the nucleus by controlling the transcription of two important subunits Skp2 and Cks1 in the ubiquitin ligase complex SCF, thereby promoting DNA replication in S phase (46) . Current studies have shown that numerous cell cycle regulators, such as E2F, cyclin D1, cyclin E, cyclin A, cyclin B, CDC25B, p27, p21 and p53, are all substrates of the ubiquitin proteasome pathway (47) (48) (49) (50) (51) (52) . Wang et al showed that FoxM1 activation mediates the degradation of G1/S transition regulators p27 and p21 by activating Skp2-Cksl ubiquitin ligase. As p27 and p21 are CDK inhibitors, decreased expression of p27 and p21 will inevitably lead to reduced inhibition of cell cycle, which helps cells move beyond the G1/S phase checkpoint and enter S phase to synthesize DNA and make preparations for cell proliferation (46, 53) . In addition, FoxM1 also regulates the transcription of many mitosis-related genes, including cyclin B1, Cdc25B, pololike kinase 1 (PLK1), aurora B kinase, survivin, centromere protein A (CENPA) and CENPB (54) . Previous studies have shown that FoxM1 expression is abnormally high in a variety of malignancies such as gastric, non-small cell lung cancer, glioma and cervical cancer and can be used as a prognostic marker (24, 25, 55, 56) . xia et al also confirmed that FoxM1 is overexpressed in pancreatic cancer and can be used as an independent prognostic factor (26), but the exact mechanism has not been examined.
Currently, no study has reported the role of USP22 in pancreatic cancer. Given that both USP22 and FoxM1 are involved in cell cycle progression, this leads us to question whether USP22 and FoxM1 interact in cell cycle regulation and whether the two factors are involved in the development and progression of pancreatic cancer.
To address these issues, we determined the expression of USP22 and FoxM1 in 136 PDA tissues and 42 PDA adjacent normal tissues using immunohistochemistry. The results showed that the expression of USP22 and FoxM1 was abnormally upregulated in the PDA tissue and that up to 39.0% of patients with high expression of USP22 also had FoxM1 overexpression, exhibiting a significant correlation between the expression levels of USP22 and FoxM1. Detection in fresh tissues also supported the above results. This suggests that there may be some interplay between USP22 and FoxM1 in pancreatic cancer. Further analysis revealed that USP22/FoxM1 overexpression is closely associated with the clinical and pathological features of PDA patients and can be used as an independent prognostic factor for PDA patients. In particular, patients with positive co-expression of USP22/FoxM1 have a worse prognosis. These results indicate that USP22 and FoxM1 may be jointly involved in the development and progression of PDA. However, it remains unknown whether and how USP22 interacts with FoxM1 in pancreatic cancer.
With the above question in mind, we selected two PDA cell lines for study. The results showed that the expression of USP22 and FoxM1 was significantly higher in poorly differentiated PANC-1 cell line than in highly differentiated CFPAC-1 cell line. To determine the role of USP22 in the proliferation and cell cycle of PDA cells, we upregulated USP22 expression in both cell lines and found faster G1/S phase transition and significantly accelerated cell proliferation. Next, we upregulated USP22 expression and knocked down FoxM1 expression in both cell lines. The results showed that with FoxM1 downregulation, USP22 upregulation alone caused no significant change in G1/S transition and cell proliferation. This indicates that FoxM1 plays a key role in the regulation by USP22 of G1/S transition and cell proliferation. Moreover, we found that USP22 upregulation was accompanied by p21 and p27 downregulation as well as upregulation of cell cycle-related proteins cyclin D1, cdk4 and cdk6; USP22 upregulation combined with FoxM1 knockdown did not cause significant change in the expression of the above proteins. This suggests that FoxM1 plays an important role in the regulation by USP22 of G1 phase related proteins. Therefore, our study indicates that FoxM1 is a key factor essential for the regulation by USP22 of G1/S transition.
USP22 and FoxM1 play a role in the transcriptional regulation of a variety of oncogenes and tumor suppressor genes (e.g., c-Myc, SIRT1, BMI-1). Previous studies have shown that USP22 promotes tumor growth by enhancing c-Myc-mediated gene transcription (5) . FoxM1 can also help tumor cells pass through checkpoints and promote tumor cell proliferation through direct transcriptional activation of the TATA box in human c-Myc transcription promoters P1 and P2 (57) . SIRT1 upregulation is involved in tumorigenesis in a variety of tumor cells by promoting tumor cell proliferation and inhibiting apoptosis (58). Lin et al revealed that as part of the SAGA complex, USP22 can directly regulate the expression of SIRT1 via deubiquitination and affect the activity of SIRT1 target genes, thereby regulating DNA repair and apoptosis (6) . Zhu et al demonstrated that FoxM1 directly associates with SIRT1 promoter, increases the transcriptional activity of SIRT1, and promote glioma cell proliferation (59) . As a component of PcG protein, BMI-1 determines to a certain extent the proliferation potential of cancer stem cells (60) . Previous research showed high expression of USP22 and BMI-1 in gastric and colorectal cancer (33, 38) . Liu et al found that USP22 can regulate cell cycle in colon cancer through BMI-1-mediated pRb, P53 and Akt/GSK3β pathways (61). Li et al showed that BMI-1 is one of the downstream target genes of FoxM1. FoxM1 overexpression can attenuate the activity of p19 (Arf)-p53 pathway, downregulate p53 and p21 gene expression, and activate c-Myc-mediated BMI-1 gene expression (62) . These studies suggest that USP22 and FoxM1 share common target genes and may work in synergy to participate in development and progression of tumors.
The Wnt signaling pathway plays an important role in embryonic development and tumorigenesis. β-catenin is an important component in the classical Wnt signaling pathway. c-Myc is the second target in the Wnt signaling pathway. Upon its translocation to the nucleus, β-catenin reacts with transcription factors in the Tcf/Lef family to form β-catenin/Tcf complexes, which then activate target genes such as c-Myc, c-jun and cyclin D1, leading to abnormal cell proliferation and differentiation and tumor formation (63) . Heiser et al found that sustained activation of β-catenin in mice can lead to pancreatic intraepithelial neoplasia and eventual tumor formation (64) (65) (66) . Zhang et al showed that inhibition of the Wnt pathway can significantly delay the development of pancreatic intraepithelial neoplasia (67). Ripka et al and Griesmann et al suggest that the Wnt pathway enhances the proliferation, invasion and metastasis activity of pancreatic cancer cells and is involved in epithelial-to-mesenchymal transformation of pancreatic cancer cells (68, 69) . Accordingly, substantial evidence indicates that the Wnt/β-catenin signaling pathway plays an important role in the development and progression of pancreatic cancer (30) . Furthermore, Zhang et al showed that FoxM1 binds to β-catenin and promotes the nuclear translocation of the latter, hence increasing the activity of the Wnt/β-catenin pathway (31) . This finding is corroborated by Bowman et al (70) . These studies also strongly suggest that the activation of the Wnt/β-catenin signaling pathway, especially β-catenin nuclear translocation, may play an important role in the regulation by USP22 of FoxM1.
To test the above hypothesis, we used different plasmid concentrations to create a descending gradient of USP22 expression in the PANC-1 cell line and an ascending gradient of USP22 expression in the CFPAC-1 cell line. With the gradient change in USP22 expression, a similar trend change also occurred in Wnt/β-catenin signaling pathway activity and FoxM1 expression in the nucleus and cytoplasm in the two cell lines. Further analysis showed that after β-catenin expression was upregulated in the PANC-1 cell line, even USP22 expression was significantly decreased, there was no significant change in the expression of FoxM1. After the β-catenin expression was knocked down in the CFPAC-1 cell line, even significant USP22 upregulation failed to cause a significant increase in FoxM1 expression. These results confirm our hypothesis that USP22 regulates FoxM1 expression through the Wnt/β-catenin signaling pathway, especially β-catenin nuclear translocation.
In summary, our immunohistochemical analysis demonstrated that varying levels of USP22 and FoxM1 overexpression are present in PDA tissue and that the expression of both factors, especially the co-expression of the factors, is an independent prognostic factor of PDA. In vitro investigation showed that USP22 overexpression is accompanied by an increase in FoxM1 expression and that USP22 increases FoxM1 expression to promote G1/S transition and cell proliferation through promoting β-catenin nuclear translocation in PDA cell lines. These results demonstrate for the first time that USP22 and FoxM1 are jointly involved in the development and progression of pancreatic cancer and are promising new targets for pancreatic cancer targeted therapy.
